The origin of the 6.67-hour period X-ray source, 1E1613, in the young supernova remnant RCW 103 is puzzling. Also the fate of Thorne-Żytkow Object (TŻO) is a mystery. We propose that a TŻO can evolve into a neutron star with an extremely long spin period, and we suggest that this may explain the origin of 1E1613. A TŻO may at its formation have a rapidly spinning neutron star as a core, and a slowly rotating envelope. We investigate the coupling between the envelope and the magnetic field of the core and find that this coupling produces a very strong braking torque. Therefore the core will quickly spin down to an extremely long spin period (e.g. several hours) and co-rotate with the envelope.
Introduction
1E161348-5055 (hereafter 1E1613) is a compact X-ray source at the center of a young shell-type supernova remnant (SNR), RCW 103, which is about 2000 years old (Nugent et al. 1984; Carter et al. 1997 ). 1E1613 should be young if it was born in the same supernova explosion that originated RCW 103. Since its discovery (Tuohy & Garmire 1980 ), 1E1613 has a violently variable X-ray luminosity in the range of ∼ 10 33 − 10 35 erg/s, and has no identified radio, infrared or optical counterpart. Tentative periodicities for 1E1613 have been proposed at ∼6 hours (Garmire et al. 2000; Sanwal et al. 2002) when it was in high state. In 2005, when it was in low state, an obvious periodic modulation of 6.67 hours was detected by the EPIC MOS cameras onboard XMM-Newton (De Luca et al. 2006) , and any other periodicities with P ≥ 12 ms are excluded with high confidence. Such a long period makes 1E1613 a unique source among all the central compact objects in supernova remnants (CCOs) (De Luca 2008) .
The origin of the 6.67-hour periodicity is puzzling. Garmire et al. (2000) suggested that this source may be a low-mass binary with an underluminous secondary component which has an unusually low x-ray luminosity. However, if 6.67-hour is the orbital period it would be difficult to explain how the close companion could have survived the supernova explosion and now escapes detection in multi-wavelength observations. In addition, one would also expect to detect the spin period of the compact star, assuming it to be a neutron star. If 6.67-hour is the spin period of 1E1613, it would be the longest one of all isolated pulsars.
How could an isolated pulsar spin down to such a long period in 2000 years? De Luca et al. (2006) suggested that a magnetar with an initial period of 0.3 s and a surface magnetic field of 5 × 10 15 G surrounded by a disk of 3 × 10 −5 M ⊙ may spin down to a period of 6.67 hour in 2000 years, owing to the extremely large propeller torque. This magnetar scheme has two doubtful points. First, the initial period is too large according to the magnetar -4 -theory (Duncan & Thompson 1992) . Second, its current period is too different from that of the other magnetars detected as anomalous X-ray pulsars (AXPs) and soft gamma-ray repeaters (SGRs) which all cluster in the range in 2-12 s. Li (2007) recalculated the spin evolution of a magnetar interacting with a disk using the electromagnetic energy density proposed by Ekşi & Alpar (2005) ; his calculation avoided assuming large initial period but the possibility of evolving long period is not optimistic.
We note that also in some High-Mass X-ray binaries, extremely long periods have been detected, such as the ∼ 2.7 hour period X-ray source in 2S 0114+65 (Finley, Belloni, & Cassinelli 1992; Corbet, Finley, & Peele 1999; Li & van den Heuvel 1999 ) and the ∼ 1.5 hour period X-ray source in 4U 2206+54 (Reig et al. 2009; Wang 2009 ).
The origin of these long periods is also unclear. Possibly they may be due to propeller spin down in the weak winds of their massive companion stars (Ikhsanov 2007) .
In this work we propose a new approach for the origin of the extremely long period of 1E1613, namely that it was the compact core of a Thorne-Żytkow Objects (TŻO, Thorne &Żytkow (1975 Thorne &Żytkow ( , 1977 ), in which it has been spun-down to its long period. The paper is organized as follows: Section 2 gives a brief introduction to the TŻO; In section 3 we describe in detail how a compact core could spin-down to extremely long period in a TŻO; Section 4 explains why a TŻO could evolve to a CCO in a SNR like shell just as 1E1613 and RCW 103 appear; The last section is the discussion and conclusions.
The Thorne-Żytkow Object
A TŻO is a massive star with a solar mass neutron core. The concept of a star with a compact core was first proposed by Landau (1932) . After the discovery of the neutron (Curie & Joliot-Curie 1932; Chadwick 1932) , Gamow (1937) and Landau (1937) suggested -5 -that a compact neutron core in a star could solve the stellar energy problem by accreting material and releasing gravitational energy. This concept was almost abandoned when it was realized that the stellar energy is generated by thermonuclear reactions (Bethe 1939) .
Almost forty years later, Thorne &Żytkow (1975 Thorne &Żytkow ( , 1977 carried forward this concept and studied possible equilibrium states of a massive star with a degenerate neutron core, the so called Thorne-Żytkow Object.
A TŻO can not be formed from single star evolution, which in an equilibrium state can produce at most an iron core. It is generally recognized that a TŻO is formed from the merger of a neutron star with a main-sequence star (MS star) or a giant. There are three formation mechanisms: 1) After the penetration of a neutron star (NS) into its supergiant companion in a massive X-ray binary, they may coalesce and form a TŻO (Taam et al. 1978; Taam & Sandquist 2000) ; 2) When a NS is captured by a MS star in a globular cluster, they may evolve to a TŻO (Ray et al. 1987) ; 3) When a supernova explosion gives the young NS an appropriate kick velocity which makes the orbit periastron smaller than the radius of its massive companion, it would coalesce with the companion and spiral into the center immediately after the supernova (Benz & Hills 1992) , thus forming a TŻO (Leonard et al. 1994 ). The pacific merger of a NS and a non-degenerate star to form a TŻO proceeds through a common-envelope phase (Taam & Sandquist 2000; Ivanova et al 2012) . Based on the above mechanisms, Podsiadlowski et al. (1995) estimated a total number of 20-200
TŻOs existing in the Galaxy given that the characteristic lifetime of TŻOs is 10 5 − 10 6 yr.
The TŻOs are expected to have the appearance of red supergiants or red giants (Eich et al 1989; Biehle 1991; Cannon et al. 1992 ). But they can be distinguished from the ordinary red giants and supergiants by having extraordinary high abundances of lithium and rapid proton process elements (Thorne &Żytkow 1977; Cannon 1993) . So far, the TŻO scenario has not been confirmed by direct observation.
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The final fates of TŻOs are not entirely clear. It is generally believed that the neutron core would accrete enough material and finally transform to a black hole (BH), and that the massive envelope may be dissipated and form a disk. Here we discuss another possibility.
The envelope may be exhausted by the strong stellar wind or be disrupted by a powerful burst (such as the thermonuclear explosion or the phase transition) before the neutron core transforms to a BH. The expelled envelope may mix with the original SNR which produced the neutron core or form a new SNR like shell if the former has faded away. Thereby the neutron core could be detected as a CCO whose period may be very long.
3. Rotational braking of the neutron core by the convective envelope of a TŻO Podsiadlowski et al. (1995) estimated the spin evolution of a neutron core in a TŻO via the total angular momentum carried by the accreted material. They concluded to a slow spin-down during the steady burning phase where the accretion has an Eddington rate, and a quick spin-up process in the neutrino runaway case where the accretion is not Eddington limited, which could spin up the core to a typical period of ∼ 10 ms. However, they did not consider the interaction between the magnetic field of the neutron core and the convective envelope of the TŻO. Convection exists in the whole envelope out to the photosphere (Thorne &Żytkow 1977) . The convective envelope is, of course, highly ionized.
Therefore, the plasma that surrounds the magnetosphere of the rotating neutron star will be accelerated in the rotational direction by the coupling with the rotating magnetic field, and carry off the angular momentum from the neutron star. We now restudy the spin evolution of the neutron core by considering the interaction of the rotating magnetized neutron star with its surroundings.
In a TŻO envelope, the radial motion of the matter is dominated by the radiation pressure and gravity because both magnetic pressure and centrifugal force are relatively -7 -negligible. Nevertheless, the rotational motion of the matter is determined by the magnetic field. Close to the neutron star the magnetic field is sufficiently strong to make the matter co-rotate with the neutron star. The radius up to which co-rotation exists is the Alfvén-radius r A (in this case defined in the rotational direction). This radius is defined as the place where the kinetic energy density of the co-rotating plasma 0.5ρ(Ωr) 2 equals the magnetic energy density B 2 /8π of the magnetic field of the neutron star (e.g. see Kundt (1976) ). Here B(r) is in general a dipole field B(r) = B 0 (R * /r) 3 , where B 0 is the field strength at the surface of the neutron star, and R * is the radius of this star.
For the density profile in the TŻO around the neutron core we adopted the density structure of TŻOs given by Thorne &Żytkow (1977) , with R * = 10 6 cm and ρ(r) = 10 12 /r 2 g/cm 3 . With this density profile one finds
For a typical surface magnetic field strength B 0 = 10 12 G, and a typical Ω = 100 s −1 (P = 0.0628 s), one finds r A = 1.4 × 10 7 cm, which is 14R * , well outside the neutron star.
According to the work of Kundt (1976) the swept-back field lines at the surface of the magnetosphere exert a braking torque on the magnetosphere of:
(this is quite similar to the propeller torque introduced by Illarionov & Sunyaev (1975) ).
The angular momentum of the neutron star is
Where M is the mass of the neutron star and k is its radius of gyration. Values of k 2 are typically of order 0.1. Assuming this value, one obtains a spin-down timescale of the neutron star of:
-8 -where Ω 0 is its initial spin angular velocity. Assuming M = 3 × 10 33 g, B 0 = 10 12 G and R * = 10 6 cm, one finds a spin-down timescale of about t ∼ 7.8 × 10 8 sec, which is about 25 years.
One therefore observes that a magnetized neutron star in the center of a TŻO will spin down to almost zero rotation in a very short time. The magnetic field could be somewhat affected by the envelope, which may make the spin-down timescale somewhat longer or shorter. For example, with B 0 = 3 × 10 12 G the timescale is about 1000 years for B ∝ r and 1 month for B ∝ r −2 . A TŻO envelope usually spins very slowly (e.g. with a period of several hours). When the core is braked to about as slow as the envelope the torque will disappear and the core will co-rotate with the envelope after that.
A TŻO model for 1E1613 and RCW 103
Section 3 shows that the coupling between the envelope and magnetic field would make the compact core spins down quickly and soon co-rotates with the envelope. But the core can not be detected until the envelope vanished in some way, such as the strong stellar wind or a burst from the core. In the TŻO scenario for 1E1613 and RCW 103, one needs to explain not only the origin of the 6.67-hour periodicity but also the origin of the 2000 year old SNR like shell RCW 103 and the other observed characteristics of this system. Based on these factors there may be two possible approaches for a TŻO transforming to 1E1613 and RCW 103.
Case A. About 2000 years ago, the more massive star of a binary experienced a supernova explosion, which produced RCW 103 and a compact star. The compact star got an appropriate kick velocity which causes it to directly coalesce with its companion star and form a TŻO (Benz & Hills 1992; Leonard et al. 1994) . This is shown in the 3rd -9 -mechanism mentioned in section 2. The TŻO would manifest itself as a red giant or red supergiant afterwards (Eich et al 1989; Biehle 1991; Cannon et al. 1992) , which has a rotation frequency much smaller than its compact core. Thus, the core is then spun down to the co-rotational period (6.67 hour) by the envelope, as shown in section 3. And then the TŻO envelope was exhausted by the strong stellar wind, or was destroyed by some powerful burst (e.g., a thermonuclear explosion at the star surface, or a phase transition of its crust (Cheng et al. 1998) ). As a result, the envelope mixed together with the original SNR RCW 103, and the core became detectable as a central compact object, i.e. 1E1613.
The accretion from the residual envelope or a fall-back disk reproduces the observed X-ray emission. Alternatively, this may also be just thermal emission form the hot NS surface.
Case B. More than 2000 years ago, a neutron star in a binary was embedded in its companion star or was swallowed by it (Benz & Hills 1992) and formed a TŻO (the 3rd or the 1st mechanism in section 2). The core spun down to the co-rotational period (6.67 hours) and co-rotated with the envelope. About 2000 years ago, a global thermonuclear explosion took place or the neutron core underwent a phase transition as a quark-nova (Ouyed et al. (2002) , see also below). The powerful energy emission in this transition destroyed the TŻO envelope and made a supernova remnant like shell, i.e. RCW 103. The central compact object 1E1613 accretes from the residual envelope or a fall-back disk and emits the observed X-ray. Alternatively, this may also be just thermal emission form the hot NS surface.
In case A, a strong stellar wind is very well able to exhaust the TŻO envelope within 2000 years, especially for low-mass TŻOs. In case B, a powerful burst is necessary to destroy the envelope. Three possible processes might produce such a burst: 1) When non-steady burning occurs in some conditions, it would disturb the stable evolution. As its energy is not large enough it may not disrupt the envelope immediately, but a series of such -10 -thermonuclear bursts could speed up the progress; 2) If strange quark matter is the real base-state of hadrons (Witten 1984) , a phase transition might happen in some conditions. Ouyed et al. (2002) proposed that a neutron star could transform to a quark star, which releases an extremely large amount of energy, and appears as a quark-nova. If this happens after the neutron core has spun down, the envelope can be disrupted. The quark-nova explosion leaves the quark star as a central compact object with a long spin period; 3)
When the core has accreted enough material which accumulated on its crust, the hadron crust might break and transform to quark material (Cheng et al. 1998) . If the transforming crust mass is larger than ∼ 10 −5 M ⊙ , the energy could be enough to disrupt the envelope.
As the crust phase transition may not be as violent as a quark-nova it may not form a new SNR. In this case the disrupted envelope could mix with the existing SNR, in which the compact core formed, if it has not faded away.
If a central compact object has undergone the TŻO phase, it would have a very slow proper motion. This is consistent with the observations of 1E1613. In this scenario the shell should be different from a traditional SNR. It should have produced extraordinary high abundances of lithium and rapid proton process elements during the TŻO phase (Thorne &Żytkow 1977) , which should existing in RCW 103. These elements could be measured in the future which may serve as a test of the scenario.
Discussion & conclusions
The TŻOs should exist in our Galaxy since a neutron star has various possibilities to enter into a normal star (Taam et al. 1978; Ray et al. 1987; Benz & Hills 1992; Taam & Sandquist 2000) . In this paper, we studied the spin evolution of the compact core inside a TŻO, and found that a TŻO could evolve into a long period isolated X-ray compact star, surrounded by a supernova or quark-nova remnant, just like the appearance of 1E1613 -11 -and RCW 103. If future observations confirm this scenario it would indirectly prove the existence of TŻOs, accordingly could give strong constraints on the evolution of common envelope (Ivanova et al 2012) Nevertheless, other kinds of TŻO descendants are still possible. The core could transform to a BH if it accretes enough material in the neutrino runaway phase. If this happened, the spin information of the core should transform to the specific angular momentum of the BH, which may be tested from the X-ray properties when accreting from an disk around (Zhang et al. 1997) . Compared with the other stellar mass BHs, which formed via massive star collapses, the BHs formed from TŻOs should have smaller proper motion and if a remnant shell is still present, this should have high abundances of lithium and rapid proton process elements.
From the birth rate of the TŻO, ∼ 2 × 10 −4 yr −1 (Podsiadlowski et al. 1995) , if we assume 1/4 of them to evolve to a long period compact star, of order 10 5 of such stars would have formed in the Galaxy. Of course, most of them should be undetectable because they are cool, isolated, and slowly rotating. But, if they are accreting from the envelope residue and have large luminosity they could be detected, such as 1E1613.
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